The two steps of vulval induction in Oscheius tipulae CEW1 recruit common regulators including a MEK kinase  by Dichtel-Danjoy, Marie-Laure & Félix, Marie-Anne
www.elsevier.com/locate/ydbio
Developmental Biology 265 (2004) 113–126The two steps of vulval induction in Oscheius tipulae CEW1 recruit
common regulators including a MEK kinase
Marie-Laure Dichtel-Danjoy and Marie-Anne Fe´lix*
Institut Jacques Monod, 75251 Paris cedex 05, FranceReceived for publication 13 June 2003, revised 12 August 2003, Accepted 8 September 2003Abstract
The cell interactions that specify the spatial pattern of vulval precursor cell (VPC) fates differ between the nematodes Oscheius tipulae
CEW1 and Caenorhabditis elegans. In the former, the centered pattern of fates is obtained by two successive inductions from the gonadal
anchor cell, whereas in the latter, a single inductive step by the anchor cell (EGF–Ras–MAP kinase pathway) can act as a morphogen and is
reinforced by lateral signaling between the vulval precursors (Notch pathway). We performed a genetic screen for vulva mutants in O. tipulae
CEW1. Here we present the mutants that specifically affect the vulval induction mechanisms. Phenotypic and epistatic analyses of these
mutants show that both vulval induction steps share common components, one of which appears to be MEK kinase(s). Moreover, the
inductive pathway (including MEK kinase) influences the competence of the vulval precursor cells and more strikingly their division pattern
as well, irrespective of their vulval fate. Finally, a comparison of vulval mutant phenotypes obtained in C. elegans and O. tipulae CEW1
highlights the evolution of vulval induction mechanisms between the two species.
D 2003 Elsevier Inc. All rights reserved.Keywords: Vulva; Evolution; Induction; MEK; Cell division
´Introduction
What are the developmental changes that play a role in
the evolution of multicellular organisms? The discovery of
the high molecular conservation of developmental pathways
among animals has led to the proposition that molecular
pathways can be co-opted for new developmental processes
and thus for the development of novel morphologies (Pires-
daSilva and Sommer, 2003; Raff, 1996; Wilkins, 2002).
Research on the evolution of developmental mechanisms
has been initiated within several evolutionary groups (plants
and animals such as insects, crustacea, or nematodes).
Among these, the nematodes are highly suited for such
studies, since many species are available and they show
ample variations in their development (Sommer and Stern-
berg, 1996b). Moreover, because of the quasi-invariant cell
lineage of a given species and the conservation of larval
blast cells between species of free-living soil nematodes,
comparative developmental studies can be performed at the0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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Caenorhabditis elegans, with its numerous genetic and
molecular tools, constitutes a great reference for compar-
isons with related species. Among the developmental pro-
cesses that have been compared between nematodes, vulva
formation is one of the most documented. Variations have
been observed in the number of vulval induction steps
(Fe´lix and Sternberg, 1997) and even in the requirement
for an inductive signal from the gonad (Sommer and
Sternberg, 1994).
In order to investigate the mechanisms that underlie the
evolutionary variations in vulva development, deeper anal-
yses have been initiated in two nematode species, Pristion-
chus pacificus and Oscheius tipulae CEW1, because of
specific features of their vulval development compared to
C. elegans (see below) (Fe´lix et al., 2000b; Sommer et al.,
1996). A forward nonbiased genetic strategy (rather than a
candidate gene approach) has been initiated in both species,
placing them as ‘‘satellite model systems’’ (Simpson, 2002;
Sommer, 2000, 2001). Like C. elegans, P. pacificus and O.
tipulae CEW1 both reproduce with self-fertilizing XX
hermaphrodites and facultative XO males a feature that
greatly facilitates genetic studies on vulva formation, be-
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internal fertilization and hatching of the progeny within
the mother.Fig. 1. Vulva formation in O. tipulae CEW1 and C. elegans. In both species, the
steps: (A) Establishment of the group of competent Pn.p cells. In both species, the
along the ventral epidermis in the L1 stage. In C. elegans, the competence grou
expression of the lin-39/Hox gene defines the competence group by preventing cel
In both species, P6.p adopts the 1j fate (in blue) and P5.p and P7.p adopts the 2j
anchor cell (a specialized cell from the uterus) determines the fates of P(5–7).p a
one-step process that is reinforced by lateral signaling between the P6.p cell and it
two steps, first on P(5–7).p, second on P6.p daughters. (C) Lineage and invaginatio
Pn.p cell is to divide twice. The four granddaughters of P4.p and P8.p fuse with the
progeny of P5.p and P7.p do not divide further (‘‘u’’ fate, for ‘‘undivided’’) and fo
transversally (‘‘t’’ fate) and form the inner part of the vulva.In these three nematode species, the vulva develops from
a group of cells in the ventral epidermis of the larva, called
Pn.p cells. In the first stage (L1) larva, 12 Pn.p cells areadult vulva is formed by the progeny of P(5–7).p through three successive
competent cells derive from a subset of the Pn.p cells, which are cells laying
p is formed by P(3–8).p and in Oscheius, by P(4–8).p. In both species,
l fusion in the L1 stage. (B) Fate specification within the competence group.
fate (in red). P4.p and P8.p adopt a nonvulval fate (3j fate, in yellow). The
nd their progeny by induction. In C. elegans, the anchor cell induction is a
s neighbors. In O. tipulae CEW1, the induction by the anchor cell occurs in
n of the Pn.p cells in O. tipulae CEW1. The ground state of each competent
epidermal syncytium and do not participate to the vulva (‘‘s’’ fate). The four
rm the outer part of the vulva. The four progeny of P6.p divide once more
Fig. 2. Hypoinduced and hyperinduced vulval phenotypes in O. tipulae.
The worms were observed under Nomarski optics during the L4 stage. (A)
Wild-type CEW1. The four granddaughters of P5.p and P7.p form the
lateral part of the vulval invagination. The nuclei of the two most posterior
granddaughters of P4.p are visible and have adopted the ‘‘s’’ fate (arrows).
P6.p progeny are out of focus because of their final transverse divisions. (B)
A hypoinduced iov-1(mf86) animal. Some P(5–7).p progeny have adopted
the 2j fate (asterisks) and some have adopted the ‘‘s’’ fate (arrows). (C) A
hyperinduced iov-5(mf99) animal. P4.p granddaughters (asterisks) have
adopted the induced fate and are positioned close to or lateral to P5.p
granddaughters. In this animal, P8.p granddaughters have adopted the
noninduced fate (the nucleus of the most anterior granddaughter is visible).
(D) U0126 inhibition of the induced fates in a wild-type CEW1 animal. All
P(5–7).p progeny have fused with the syncytium.
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anterior to posterior; Fig. 1). Among these 12 cells, a subset
remains unfused and competent to divide and form vulval
tissue and are called vulval precursor cells (VPCs). In C.
elegans, this vulval competence group includes six cells,
P(3–8).p, whereas in O. tipulae CEW1, the competence
group is reduced to P(4–8).p, and in P. pacificus to P(5–
8).p. In all three species, the vulva is actually formed by the
progeny of only three cells, P5.p, P6.p, and P7.p (Figs. 1
and 2A). The remaining cells within the competence group
normally adopt a nonvulval fate: they divide in the late L3
stage and fuse with the large epidermal syncytium hyp7 that
surrounds the animal. However, they can form vulval tissue
when P(5–7).p are ablated. P. pacificus was mostly chosen
for genetic studies because the size of its competence
group is reduced and because the non-competent Pn.p cells,
P(1–4).p, and P(9–11).p undergo programmed cell death in
the L1 stage instead of fusing to the epidermal syncytium as
in the two other species (Eizinger and Sommer, 1997;Sommer and Sternberg, 1996a). In C. elegans, the limit of
the vulval competence group is defined by the expression of
the Hox gene lin-39 (Clark et al., 1993; Wang et al., 1993). In
P. pacificus and O. tipulae, the homologue of lin-39 is also
required for Pn.p competence. Interestingly, the develop-
mental role of lin-39 has evolved since it prevents the VPCs
from fusing to the surrounding syncytium in Oscheius (and
C. elegans) and from dying in P. pacificus (Eizinger and
Sommer, 1997; Louvet-Valle´e et al., 2003).
In the L3 stage, P(5–7).p (or their daughters) adopt a
2j–1j–2j pattern of fates: the progeny of the 1j cell form
the apex of the vulval invagination and the progeny of the
2j cells the lateral parts of the vulva. The nonvulval fate of
the other competent Pn.p cells is called 3j. In each species,
Pn.p cells then adopt a division pattern that is specific for
each Pn.p fate (we use the word ‘‘fate’’ to designate the
3j–2j–1j fates of the Pn.p vulva precursor cells). The
spatial pattern of fates within the competence group is thus
3j–2j–1j–2j–3j in O. tipulae CEW1. We chose to
study O. tipulae because the mechanism that builds this
centered spatial pattern of cell fates within the vulval
competence group differs from that of C. elegans (Fe´lix
and Sternberg, 1997).
During the L3 larval stage, a specialized cell of the
gonad, the anchor cell, induces P(5–7).p to adopt vulval
fates. In C. elegans, the anchor cell (AC) is in a dorsal
position, relative to P6.p, and emits a LIN-3–EGF signal
that may function as a morphogen to pattern 1j and 2j fates,
depending on the distance of the receiving cell to the anchor
cell. Anchor cell induction is reinforced by lateral signaling
from the 1j cell to its neighbors through LIN-12–Notch
signaling (Wang and Sternberg, 2001). By contrast, in O.
tipulae CEW1, the same pattern of fates is achieved through
a two-step mechanism with nested inductions: in the first
step, the anchor cell induces P(5–7).p to adopt the 2j fate;
in the second step, it induces the daughters of P6.p to adopt
the 1j fate (Fe´lix and Sternberg, 1997). Thus, the cell
interactions that pattern the VPCs differ between the two
species. Do these inductions proceed through the same
developmental pathway (i.e., EGF–Ras–MAP kinase) or
have new developmental pathways been co-opted?
In order to answer this question and better understand
vulval patterning in O. tipulae CEW1, a screen for vulva
mutants was performed in this species (Dichtel et al., 2001;
Fe´lix et al., 2000b). In particular, we wished to know
whether mutations could affect one or both vulval induction
steps. The phenotypes of the O. tipulae vulva mutants were
separated into three main categories (which, as we will see,
interact). Following the order of gene action during vulval
development, we distinguish (1) the cov mutants that affect
competence and/or centering of the vulva (Louvet-Valle´e et
al., 2003), (2) the iov mutants that affect the induction of the
vulval precursors (this work), and (3) the dov mutants that
present division defects of the vulval cells (Dichtel et al.,
2001). We analyze here the crucial set of iov mutants,
which concerns the induction mechanisms. Whereas several
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centering of the vulval pattern have been described in P.
pacificus (Eizinger and Sommer, 1997; Jungblut and Som-
mer, 1998, 2001; Sommer and Sternberg, 1996a), this is the
first detailed analysis of vulval induction mutants in a
nematode other than C. elegans.
Analysis of these mutants allows us to gain insights into
the mechanisms and roles of vulval inductions in Oscheius.
The finding of mutants that affect both inductions indicates
that both vulval induction steps share common molecular
components in O. tipulae. In addition, inhibition of the
MEK kinase by the U0126 inhibitor mimics a hypoinduc-
tion mutation. We thus demonstrate that one component of
the Ras pathway is involved in both steps of vulval
induction. We further study the role of the inductive
pathway and of the MEK kinase on competence and
division of the Pn.p cells.Material and methods
Worm culture
Our wild-type reference strain is CEW1 and belongs to
Oscheius sp. 1 as determined in Fe´lix et al. (2001). Since the
SB128 strain belongs to the same species (Fe´lix et al., 2001)
and was described as O. tipulae (Sudhaus, 1993), we use
this species name from now on. All strains were cultured at
23jC on agar plates seeded with E. coli OP50 strain, as
described for C. elegans (Wood, 1988).
Mutant isolation
The screen for O. tipulae CEW1 vulva mutants was
described in Dichtel et al. (2001). iov-1(mf86), iov-2(mf76),
and iov-3(mf78) are TMP-UV alleles; iov-3(mf52), iov-
3(sy448), and iov-4(mf67) are EMS alleles. The Vulvaless
iov-1(mf86) mutation was isolated in a clonal F1 screen,
which allowed us to maintain it in a heterozygous state for
use in crosses. After isolation, the mutant strains were
outcrossed four or five times to wild-type CEW1.
The iov-5(mf99) mutation was obtained during a micro-
particle bombardment test, following the protocol from
Praitis et al. (2001). Bombardments were performed on
iov-1(mf86) worms, using gold particles coated with a
plasmid carrying a gain-of-function form of the P. pacificus
Ras cDNA under the control of the Drosophila hsp70
promoter (a kind gift of C. Sigrist and R. Sommer). iov-
5(mf99) was isolated as a suppressor of iov-1(mf86) after
bombardment. The absence of the plasmid in the suppressor
strain was shown by Southern blot experiments (data not
shown). The suppressed strain was deconstructed and the
iov-5(mf99) mutation was then isolated and outcrossed twice
to CEW1. All mutations were maintained in the homozy-
gous state except for iov-1(mf86), which was also main-
tained in the heterozygous state to allow crosses.The dov-1(sy543) and cov-1(mf53) mutations are EMS
mutant alleles that were described in Dichtel et al. (2001)
and Louvet-Valle´e et al. (2003), respectively.
Genetics
All described iov mutations are recessive. Complemen-
tation tests were performed between the hyperinduced
mutations, as described in Dichtel et al. (2001): a Dumpy
or Uncoordinated marker was used to discriminate cross-
progeny, and the phenotype of the trans-heterozygotes was
scored under Nomarski optics.
The double mutant strains between iov-1(mf86) and iov-
2(mf76), dov-1(sy543) or cov-1(mf53) were obtained by
crossing four or five wild-type males to a single hermaph-
rodite progeny of a iov-1(mf86)/+ hermaphrodite. Males
coming from plates showing bags of larvae (phenotype of
homozygous iov-1(mf86) animals) were crossed to marked
strains of interest. Hermaphrodite cross-progeny was then
isolated at the L4 stage onto different plates. Only the
plates presenting both the iov-1(mf86) phenotype and that
of the second mutation were kept. L4 hermaphrodites
carrying one of the phenotypes were isolated from these
plates and the double mutants were isolated from their
progeny.
The double mutant strains between iov-1(mf86) and iov-
3(mf78), iov-4(mf67) or iov-5(mf99) were obtained by
crossing males from a him-1(sy527); iov-1(mf86) strain with
the marked strain of interest. As in C. elegans, Him stands
for ‘‘high incidence of males’’. Cross-progeny were cloned
on plates and double mutants were isolated among their
progeny as above.
Microscopy and laser ablation
For Nomarski optics, the worms were mounted on 5%
noble agar pads as described in Wood (1988). Observa-
tions were performed with a 100 objective mounted on a
Zeiss Axioskop. Cells were ablated using a Photonic
Instruments laser system, as described in Epstein and
Shakes (1995).
Inhibitor assay
The U0126 inhibitor (Promega) was solubilized at a
concentration of 10 mM in DMSO as described by the
furnisher, aliquoted and kept at 20jC. This stock solution
was then diluted in M9 (Wood, 1988) at the desired
concentration immediately before use. Animals at the L2–
L3 transition were incubated overnight in the solution (10
Al of liquid OP50 suspension in LB was added after a few
hours). Worms were allowed to recover on agar plates
before observation. The phenotype of the animals was
scored at the L4 stage under Nomarski optics. Controls
were made with equivalent concentrations of DMSO diluted
in M9.
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The O. tipulae vulval induction mutants
We isolated two classes of vulval induction mutants in O.
tipulae CEW1 (Table 1 and Figs. 2B, C, and 3): (i) the
hypoinduced class, represented by a single mutation, iov-
1(mf86); (ii) the hyperinduced class, defining four genes,
three of which are represented by single alleles, iov-2(mf76),Table 1
Vulval induction mutants in O. tipulae
Genotype P4.p P5.p P
Wild-type CEW1 ssss (or S) uuuu t
Summary of fates 3j 2j 1j 3j 2j 1j 3
(%) 100 – – – 100 – –
Hypoinduction mutant
A. iov-1(mf86) # of animals ssss 87 ssss 37 u
S 3 uuuu 28 s
– 1 sssu 5 u
ssuu 15 u
suuu 6 s
u
U
s
t
Summary of fates 3j 2j 1j 3j 2j 1j 3
(%) 100 – – 55 45 – 3
Hyperinduction mutants
B. iov-2(mf76) # of animals ssss 45 uuuu 99 t
uuuu 44 ssss 1 u
S 6
ssuu 3
– 2
Summary of fates 3j 2j 1j 3j 2j 1j 3
(%) 51 49 – 1 99 – –
C. iov-3(mf78) 38 62 – 2 97 1 –
D. iov-4(mf67) 90 10 – 1 98 1 –
E. iov-5(mf99) # of animals ssss 102 uuuu 126 t
– 14 udtu 1 u
S 7 uduu 1 u
uuuu 7 uduu 1
ssuu 1 S 1
ssss 1
Summary of fates 3j 2j 1j 3j 2j 1j 3
(%) 93 7 – 1 98 1? –
Double mutants with iov-1(mf86)
Fates (%) 3j 2j 1j 3j 2j 1j 3
F. iov-2(mf76) 89 11 – 50 50 – 4
G. iov-3(mf78) 89 11 – 57 43 – 5
H. iov-4(mf67) 100 – – 70 30 – 4
I. iov-5(mf99) 99 1 – 30 68 2 1
The phenotypes were scored at the L4 stage by Nomarski optics. The fate of each
are presented as a percentage of each fate for each Pn.p cell: ‘‘s’’ for syncytial fat
when a Pn.p was missing. Upper case letters indicate a division defect. For examp
once, ‘‘SSS’’ that only one Pn.p daughter divided. For the hyperinduced mutants, t
miscentering of the vulva, and it is correlated with a 1j fate adopted by P5.p or P
interpreted the supernumerary division in iov-5(mf99) as ‘‘t’’ when the cells had
representative phenotypes observed.iov-4(mf67), iov-5(mf99), and one, the iov-3 gene, by three
alleles (sy447, mf52, and mf78).
In the hypoinduced iov-1(mf86) mutant, vulval induction
is dramatically reduced; no eggs can be laid and all animals
die as bags of larvae after internal hatching of their progeny.
Instead of adopting the 2j vulval fate, P5.p and P7.p
granddaughters often adopt the 3j fate (fusion to the
surrounding epidermal syncytium). P6.p granddaughters
never adopt the 1j fate and instead adopt the 2j fate or6.p P7.p P8.p n
ttt uuuu ssss
j 2j 1j 3j 2j 1j 3j 2j 1j
– 100 – 100 – 100 – –
uuu 58 ssss 57 ssss 85 91
sss 24 uuuu 16 – 2
sss 2 uuss 10 S S 3
uss 2 usss 4 SSS 1
suu 1 uuus 4
uus 1
U 1
uus 1
ttu 1
j 2j 1j 3j 2j 1j 3j 2j 1j
0 69 1 71 29 – 100 – –
ttt 92 uuuu 92 uuuu 79 100
uuu 8 tttt 8 ssss 19
– 1
uuss 1
j 2j 1j 3j 2j 1j 3j 2j 1j
8 92 – 92 8 20 80 –
7 93 – 96 4 17 82 1 94
3 97 – 98 2 86 14 – 105
ttt 125 uuuu 121 ssss 92 131
uuu 5 tttt 5 – 24
utt 1 uudu 1 uuuu 7
tuuu 1 uuss 6
ttuu 1 S 2
S 1
– 1
j 2j 1j 3j 2j 1j 3j 2j 1j
5 95 – 94 6 90 10 –
j 2j 1j 3j 2j 1j 3j 2j 1j n
1 59 – 44 56 – 89 11 – 113
4 46 – 66 34 – 91 9 – 100
6 54 – 84 16 – 100 – – 111
3 53 34 44 55 1 99 1 – 111
Pn.p granddaughter is presented in A, B, and E. Otherwise, the phenotypes
e (3j), ‘‘u’’ for 2j fate, and ‘‘t’’ for 1j fate. n: Number of animals. ‘‘ – ’’ is
le, ‘‘S’’ means that the Pn.p cell failed to divide, ‘‘S S’’ that it divided only
he ‘‘u’’ phenotype of P6.p does not correspond to an hypoinduction but to a
7.p. The ‘‘d’’ fate is when a Pn.p granddaughter divided a second time. We
joined the group of 1j fate cells. Data captured in boldface are the most
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inductive steps are differentially affected in this mutant: the
first step is only partially inhibited (52%) whereas the
second induction is completely abolished. The anchor cell
is present and does not show any obvious defect.
In the six hyperinduced mutants, P4.p and P8.p adopt the
2j fate and join P(5–7).p to form the vulva (Tables 1B–E
and Fig. 2C). Because of this excess of vulval tissue, the
vulva tends to protrude, which sometimes hinders egg
laying. These hyperinduced mutants do not show a Multi-
vulva phenotype (i.e., additional vulva tissue that form
protrusions along the ventral side of the animal) as in C.
elegans. The penetrance of the phenotype is highest (and
similar) in iov-2(mf76) and iov-3(mf78) (two TMP-UV
alleles). In the iov-3(sy447) and iov-3(mf52) alleles, P4.p
adopt the 2j fate in 10/29 and 8/24 animals, and P8.p in 23/
29 and 22/24 animals, respectively. Thus, for all mutants,
the phenotype is stronger for P8.p than for P4.p. Miscenter-
ing of the vulval pattern on P7.p is observed in 8/100
animals in iov-2(mf76) mutants, 4/94 in iov-3(mf78), 2/105
in iov-4(mf67), and 6/131 in iov-5(mf99). Conversely, mis-Fig. 3. Comparison of O. tipulae and C. elegans vulval induction mutants. On the
the right those of C. elegans mutants. The hypoinduced Oscheius iov-1 mutation
pathway function in C. elegans mutants results in P6.p often adopting a 1j fate (eve
Horvitz, 1989). The hyperinduced Oscheius iov-2, iov-3, iov-4, and iov-5 mutatio
invagination (Protruding Vulva phenotype), whereas the C. elegans hyperinduced
vulval invaginations (Multivulva phenotype). Moreover, in the Oscheius hyperindu
in the C. elegans Multivulva mutants, vulval differentiation is gonad-independen
alternative fates are observed in different animals, the more frequent is indicate
parenthesis.centering on P5.p occurs in 1/94 and 1/105 animals in iov-
3(mf78) and iov-4(mf67) mutants, respectively. This bias in
centering on P7.p is not sufficient to explain the stronger
hyperinduction of P8.p relative to P4.p.
Thus, in contrast to the hypoinduced iov-1 mutant, only
the first induction step is affected in the hyperinduced iov-2,
iov-3, and iov-4 mutants (Fig. 3). In the iov-5(mf99) mutant,
we sometimes observed a third round of division of the
granddaughters of P5.p or P7.p (‘‘d’’ in Table 1E), and in
some cases, the progeny seem to join the group of 1j cells.
It is difficult to distinguish whether this supernumerary
division corresponds to a weak division defect or to a weak
hyperinduction of the 1j fate.
Laser ablations of the gonad in the early L1 stage fully
abolish vulval differentiation in iov-3(sy447), iov-3(mf52),
iov-3(mf78), iov-2(mf76), and iov-5(mf99) mutants: all Pn.p
progeny fuse to the syncytium (n = 18, 9, 11, 10, and 22
animals, respectively). These results show that the hyper-
induction phenotype requires the anchor cell signal, which
differs from the known Multivulva mutants in C. elegans
(Fig. 3).left are indicated the phenotypes of the O. tipulae induction mutants and on
completely abolishes the 1j fate, whereas an incomplete reduction in Ras
n when P5.p and P7.p adopt a 3j fate) (Ferguson et al., 1987; Sternberg and
ns result in P4.p and P8.p adopting a 2j fate and joining the main vulval
mutations result in an alternation of 1j and 2j fates that produce several
ced mutants, ablation of the gonad eliminates vulval differentiation, whereas
t (Sternberg and Horvitz, 1989). Color codes are as in Fig. 1. When two
d above the less frequent. The three iov-3 alleles are given in the same
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categories of hyperinduced mutations
The iov-1 mutation reduces the level of both vulval
induction steps, whereas the hyperinduced mutations only
affect the first step. In order to determine epistatic relation-
ships between iov-1 and the hyperinduced mutants, we
constructed double mutants and scored the level of both
vulval induction steps.
The level of the first induction in P(5–7).p is not
significantly different in the double mutants of iov-1 with
iov-2 or iov-3 from that of the iov-1 single mutant.
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Effect of the iov-1(mf86) and iov-2(mf76) mutations on Pn.p cell division in the
Genotype P4.p P5.p P6.p
Wild-type ssss 95 uuuu tttt
S 4 uuuu tttt
S S 1 uuuu tttt
Progeny # 3.9 4 8
A. dov-1(sy543) S S 31
S 9 uuuu tttt
S ss 1
Progeny # 1.8 4 8
Gonad ( ) early L1 total: 7–11 S
AC ( ) mid-L3 total: 8–11 U
B. iov-1(m86) 3j 2j 1j 3j 2j 1j 3j
Fates (%) 100 – – 55 45 – 30
Progeny # 3.9 4 4
C. dov-1; iov-1 S S U U U U
S S S S U U
S S S U U U
S U U U U
S S U U uu
S S U uuuu
Summary of fates 3j 2j 1j 3j 2j 1j 3j
(%) 100 – – 36 64 – –
Progeny # 1.4 2.0 2.4
D. iov-2(mf76) 3j 2j 1j 3j 2j 1j 3j
Fates (%) 51 49 – 1 99 – –
Progeny # 3.7 4.0 7.7
E. dov-1; iov-2 uuuu 35 uuuu 92 tttt
S 15 S 1 S S
S S 15 S S 1
SSS 5
SSU 1
ssss 3
U 2
U U 3
UUU 9
ssuu 5
suuu 1
Summary of fates 3j 2j 1j 3j 2j 1j 3j
(%) 31 69 – 2 98 – 1
Progeny # 2.9 3.9 7.9
The lineages and fates are indicated for each Pn.p and then summarized in % as
example, four for two divisions. Cell number and fate of Pn.p progeny were scor
vulval cell divisions were followed. These seven individuals reflect the phenotype
AC: anchor cell.
*From Dichtel et al. (2001).However, P4.p and P8.p show an intermediate level of
induction in these double mutants, precluding us from
inferring a clear epistatic relationship (Tables 1F–G). The
iov-4(mf67) mutation is by itself poorly penetrant for P4.p
and P8.p hyperinduction and clearly does not suppress the
induction defect of the iov-1 mutant; it rather appears to
enhance it (Table 1H). However, the (even less penetrant)
iov-5(mf99) mutation partially suppresses the first induc-
tion defect of P(5–7).p (Table 1I) since the level of
induction in the double mutant is higher than in the iov-
1(mf86) mutant. Regarding the second induction, the iov-2,
iov-3, and iov-4 mutations do not suppress the inductiondov-1(sy543) mutant context
P7.p P8.p n
uuuu ssss 100*
uuuu ssss
uuuu ssss
4 4
S S 24 41*
uuuu S 15
S ss 1
ssss 1
4 1.7
8/8*
9/9*
2j 1j 3j 2j 1j 3j 2j 1j 91
70 – 71 29 – 100 – –
4 3.8
U U S S 2/7
S S S S 1/7
U S S 1/7
U U S S 1/7
uu U S S 1/7
uu U S S 1/7
2j 1j 3j 2j 1j 3j 2j 1j
100 – 19 81 – 100 – –
2.3 1.9
2j 1j 3j 2j 1j 3j 2j 1j 100
8 92 – 92 8 20 80 –
4.3 4.0
93 uuuu 91 uuuu 41 94
1 S 1 S 9
S S 2 S S 10
SSS 8
USS 1
UUS 1
ssss 4
U 2
U U 5
UUU 11
uuss 2
2j 1j 3j 2j 1j 3j 2j 1j
– 99 3 97 – 26 74 –
3.9 3.1
in Table 1. Divisions are scored by the number of observed progeny, for
ed in the L4 stage, except for the dov-1; iov-1 double mutant, in which the
observed on more animals that were scored at the L4 stage (data not shown).
Table 3
Effect of the iov-1(mf86) and iov-2(mf76) mutations on Pn.p competence in
the cov-1(mf53) mutant context
Genotype P4.p P5.p P6.p P7.p P8.p n
Wild-type ssss uuuu tttt uuuu ssss
A. cov-1(mf53) all S 40/83*
tttt 34/83
uuuu tttt uuuu 3/83
UU tttt uuuu 1/83
uuuu tttt 1/83
tttt uuuu 1/83
uttt 1/83
ttss 1/83
ssss S tttt uuuu 1/83
Gonad ablation all S 17/18*
ssss 1/18
B. cov-1; iov-1 S 34/64
ssss 29/64
uuuu 1/64
C. cov-1; iov-2 tttt 43/97
all S 18/97
tttt uuuu 17/97
uuuu 4/97
ttuu 2/97
ssss 2/97
uuuu uuuu 1/97
suuu ss 1/97
suus uuuu 1/97
uttt uuuu 1/97
utuuu uuuu 1/97
uuuu tttt uuuu 1/97
suuu tttt uuuu 1/97
tttt uuuu uuuu 1/97
tttt uuuu ssss 1/97
uuuu ttuu 1/97
uttt uu 1/97
The phenotypes were scored in the L4 stage. Some Pn.p cells are absent in
the cov-1(mf53) mutant; it is therefore impossible to determine clearly
which is P6.p. The induced cell is always under the anchor cell. ‘‘All S’’
means that the animals showed no competent cells at all. In the other
animals, only the phenotypes of the competent cells are described.
*From Louvet-Valle´e et al. (2003).
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suppress it (Tables 1F–I): P6.p progeny adopt the 1j fate
in 34% of iov-1; iov-5 animals, thereby rescuing egg-
laying in some animals.
Thus, the iov-5(mf99) mutation partially rescues the
hypoinduced phenotype of the iov-1(mf86) mutant for both
inductive steps. We conclude that the iov-5 mutation is
epistatic to the iov-1 mutation and that the iov-5 gene
product acts downstream (or in parallel) of the iov-1(mf86)
gene product in both inductive steps.
The vulval fate induction pathway regulates Pn.p cell
division
We previously described dov mutations that affect the
number of divisions of the Pn.p cells (Dichtel et al., 2001).
Specifically, the dov-1(sy543) mutant shows a division
defect of the two 3j fate cells, P4.p and P8.p, but these
cells are still able to form vulval tissue upon P(5–7).p
ablation. In the wild type, P4.p and P8.p divide twice,
whereas in the dov-1 mutant, they usually divide once: their
progeny number is reduced from 4 to an average of 1.8 and
1.7 cells, respectively. Regarding P(5–7).p, their divisions
and vulval fates are normal in intact dov-1 animals; how-
ever, when the gonad is ablated in the L1 stage, P(5–7).p
adopts an uninduced fate with a reduced progeny number,
and when the anchor cell is ablated in the mid-L3 stage
(after the first inductive step, but before the second), they
adopt the 2j fate and also fail to divide properly (Dichtel et
al., 2001, and Table 2A). These results strongly suggest an
inductive role for the anchor cell in the regulation of Pn.p
division in the dov-1(sy543) context, regardless of the vulval
fate that is adopted by the cell.
Considering that anchor cell ablations enhance the
division defect of dov-1(sy543) mutants, we tested whether
the iov mutations similarly affect the division pattern by
studying their effect in the dov-1 context. We built double
mutants between dov-1(sy543) and the hypoinduced iov-
1(mf86) or hyperinduced iov-2(mf76) mutants. In dov-1;
iov-1 animals, the progeny number of P(5–7).p is strongly
reduced, even when they adopt a 2j fate (Table 2C), as
observed after mid-L3 anchor cell ablation in dov-1 ani-
mals. Thus, the iov-1 gene product appears to act in the
anchor cell-dependent enhancement of the division number
in dov-1. In dov-1; iov-2 animals, P4.p and P8.p grand-
daughters adopt the 2j or 3j fate, and their progeny
number is 2.9 and 3.1, respectively, which is higher than
in dov-1 single mutants. The division number increasesNote to Table 4:
This table presents the phenotypes obtained after incubation with the MEK inhibito
CEW1 (B), dov-1(sy543) (C), and cov-1(mf53) (D) mutants. For the dov-1 mutan
observation in the L4 stage, but estimated the number of progeny of each cell by th
cells are missing. The fates are summarized for the central cell (‘‘P6.p’’), taking on
of cell fusion to hyp7 in the L1 stage, which allows the Pn.p cells to divide and/or
the same treatment, without U0126. ‘‘l’’: longitudinal division.even in animals where P4.p and P8.p adopt a 3j fate (Table
2E). Thus, the hyperinduction mutation partially rescues the
division number in the dov-1 context, independently of fate
induction.
In summary, we observed that in the dov-1(sy543) mutant
context, the number of Pn.p cell divisions is sensitive to
hypo- and hyperinduction mutations, independently of their
3j versus 2j fate. Thus, in this context, the same signaling
seems to play a role in the induction of vulval fates and in
the division of the Pn.p cells.r U0126 of the C. elegans wild-type N2 strain (A), the O. tipulae wild-type
t, we could not unambiguously determine the lineage of each Pn.p cell by
e size, shape, and position of the progeny. For the cov-1 mutant, some Pn.p
ly dividing Pn.p cells into account. ‘‘Competence’’ is defined as the absence
be induced in the L3 stage (the phenotypes that we score). Controls are with
Table 4
Effect of the U0126 inhibitor on vulval induction in O. tipulae CEW1 and C. elegans
Strain (AM) P4.p P5.p P6.p P7.p P8.p n
A. N2 0 S S lltu tttt utll S S 14
100 S S S S S S S S S S 5/6
B. CEW1 0 ssss uuuu tttt uuuu ssss 32
100 ssss uuuu 76 tttt 53 uuuu 72 ssss 94
ssuu 2 tttu 2 uuut 1
sssu 1 uutu 1 uuus 4
suuu 1 uttt 1 uuss 2
ssss 13 uuuu 26 usss 1
uttt 1 ssuu 2 ssss 14
suuu 1
suss 1
uuss 1
suus 1
ttss 1
ssut 1
ttss 1
tuus 1
ssss 1
Fates (%) 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j
100 100 – – 16 83 1 6 33 61 18 82 – 100 – –
200 100 – – 49 51 – 13 51 36 53 46 1 100 – – 26
300 100 – – 49 46 5 25 40 35 66 34 – 100 – – 30
C. dov-1 0 S 9 uuuu 13 tttt 14 uuuu 13 S S 12 14
S S 4 UUU 1 U U 1 S 2
S ss 1
Fates (%) 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j
100 – – – 100 – – – 100 – 100 – 100 – –
Progeny # 1.4 3.9 8 3.9 1.9
100 S S 31 uuuu 19 uuuu 23 uuuu 16 S S 38 61
S 26 U U 14 UUU 10 U U 12 S 21
SSS 3 UUU 10 UU 9 UUU 12 SSS 1
– 1 S U 9 tttt 5 U S 9 – 1
U 3 T T 5 UUS 4
S 2 TTT 3 S S 4
SUU 2 T 1 S 2
S S 1 TUT 1 U 2
UUU 1 tttu 1
SSS 1
S 1
S S 1
Fates (%) 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j 3j 2j 1j
100 – – 9 91 – 3 74 23 14 86 – 100 – –
Progeny # 1.6 2.8 3.9 2.7 1.6
D. cov-1 0 S 23 S 12 S 20 24
tttt 9 uuuu 4
tttu 1
S S 1 uuuu 1
ssss 1
Competence % 4 50 17
Fates (%) 3j 2j 1j
9 10 81
100 S 83 S 44 S 81 85
ssss 26 ssss 1
ssuu 1 U U 1
uuuu 1 S ss 1
suss 1
suu 1
tuuu 1
ttuu 2
uuuu 2 tttt 8 uuuu 1
Competence (%) 2 48 5
Fates (%) 3j 2j 1j
67 10 23
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cells
We previously described cov mutations that affect the
competence of the Pn.p cells to receive the inductive
signaling from the anchor cell (Louvet-Valle´e et al., 2003).
The cov-1(mf53) mutant presents a partially penetrant loss
of Pn.p cell competence. In this mutant, most Pn.p cells fuse
with the epidermal syncytium in the L1 stage: they therefore
cannot divide and cannot adopt a vulval fate in response to
anchor cell induction. However, in about half of the animals,
one cell remains unfused (competent), divides, and adopts
the 1j fate (Louvet-Valle´e et al., 2003, and Table 3A).
Gonad ablation in this mutant further decreases the number
of divided Pn.p cells (division is here a sign of competence
to receive an inductive signal, since it implies that the cell
does not fuse in the L1 stage). Since gonadal signaling
prevents a complete loss of Pn.p competence in cov-1
mutants, we tested whether this signaling uses the inductive
pathway defined by the iov mutants.
In the cov-1(mf53); iov-1(mf86) double mutant, we
observed no competent (dividing) cells in half of the
animals (53%) and a dividing but uninduced (3j) cell in
the other half (47%) (Table 3B; we count as competent cells
those that do not fuse early and still divide in the L3 stage).
The frequency of competent cells is thus comparable to that
in the single cov-1 mutant, but the competent cell does not
adopt a vulval fate as often as in iov-1 single mutants (Table
1A). Thus, reduction in the inductive signal in this double
mutant drives the cells to an intermediate state in which they
divide properly, but do not express an induced (2j or 1j)
fate.
In the cov-1(mf53); iov-2(mf76) double mutant, the
frequency of animals that display at least one cell that
stayed unfused in the L1 stage is higher (80%) than in the
single cov-1 mutant, and the frequency of animals with more
than one induced cell is higher (29% vs. 8% in the cov-1
mutant; Table 3C). These results suggest that the fate
induction signal that is hyperactive in iov-2 mutants acts
early to prevent fusion of the cells to hyp7. Interestingly, the
iov-2 mutation affected the Pn.p cells closest to the anchor
cell, ruling out the possibility that it had only a local effect
on P4.p and P8.p.
In summary, the aberrant fusion of Pn.p cells in the L1
stage in the cov-1(mf53) context is sensitive to a reduction
or an increase in the vulval fate induction pathway that is
defined by iov mutations.
A biochemical inhibitor of MEK kinase(s) affects both vulval
inductions in O. tipulae CEW1
The phenotypic analyses of the Cov, Iov, and Dov
mutants provide information on the mechanisms of induc-
tion in O. tipulae CEW1. However, they do not identify
which molecular pathways are involved. In C. elegans,
vulval induction by the anchor cell operates through a
M.-L. Dichtel-Danjoy, M.-A. Fe´lix / D122tyrosine kinase receptor–Ras–MAP kinase pathway (Wang
and Sternberg, 2001). In order to determine in which vulval
induction step(s) this pathway may play a role in O. tipulae
CEW1, we used U0126, a potent inhibitor of MEK kinases
(Favata et al., 1998), which are downstream effectors of Ras
(Kornfeld et al., 1995).
We first tested the U0126 inhibitor on the wild-type C.
elegans strain N2. At a concentration of 100 AM, U0126
completely abolishes vulval induction in 5/6 animals (and
reduces it in the last animal), whereas a control treatment
has no effect (Table 4A). These results confirm the efficien-
cy of the inhibitor to block vulval induction through the
Ras–MEK pathway in C. elegans.
In O. tipulae CEW1, at 100 AM of U0126, P5.p and P7.p
adopt the 3j fate in 16% and 18% of the animals, respec-
tively; P6.p adopts the 2j fate in 33% and the 3j fate in 6%
of the animals (Table 4B). These hypoinduced fates are
more frequent at higher U0126 concentrations: for example,
at 300 AM of U0126, P5.p and P7.p adopt the 3j fate in
49% and 66% of the animals, respectively; P6.p adopts the
2j fate in 40% and the 3j fate in 25% of the animals. Thus,
the level of induction is reduced for both vulval induction
steps in Oscheius, and the effect appears stronger for the
second step. The effect appears less strong than in C.
elegans. Because the effect of the drug is only partial, it is
possible that another redundant pathway also acts in the
inductions in Oscheius. In any case, these results suggest
that a MEK kinase is recruited for both inductive steps in O.
tipulae CEW1. Moreover, the phenotypes resemble those
observed in the iov-1(mf86) mutant.
We also used the U0126 inhibitor on the dov-1(sy543)
and cov-1(mf53) mutants to see whether the drug pheno-
copies the effect of the iov-1 mutation in these contexts.
In the dov-1 mutant, in addition to both vulval fate
inductions being inhibited by U0126, P(5,7).p progeny
number is reduced to 2.8 compared to 3.9 in control animals
(Table 4C). U0126 inhibition of Pn.p division affects cells
that adopt 2j and even 1j fates. Thus, like anchor cell
ablation and the iov-1 mutation, inhibition of the MEK
kinase enhances the division defects of P(5-7).p in the dov-
1(sy543) context, irrespective of their fate.
In the cov-1 mutant, after incubation with U0126, half of
the animals show no competent (dividing) cells and in the
other half, the dividing cells adopt the 3j fate in 26/41
animals and an induced fate in 15/41 animals (Table 4D).
Thus, U0126 has no effect on the number of competent
cells. However, it has a stronger effect on vulval fate
induction in the cov-1 mutant than in wild type (compare
with Table 4B). These results are very similar to those
observed in the iov-1; cov-1 double mutant (see above;
Table 3).
Thus, in addition to acting in both vulval induction steps,
the MEK kinase is a component of the gonadal signaling
that rescues the dov-1 cell division phenotype. By contrast,
in the cov-1 mutant, the early rescuing signal from the
gonad could be different from the induction signal in which
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inhibition effects observed with U0126 are strikingly similar
to those in the corresponding double mutants with iov-1.Discussion
We have found and analyzed seven vulval induction (iov)
mutants in O. tipulae CEW1 and their relationships, be-
tween themselves and with two cov and dov mutants. In
addition, we demonstrate a role for the MEK kinase on both
steps of vulval induction in Oscheius. We also propose a
new role for the inductive pathway (including the MEK
kinase) on the control of vulval cell divisions. All these
results will be compared to the mechanisms of vulval
development in C. elegans.
Vulval induction mutants in O. tipulae versus C. elegans
Among the seven iov mutants, one is hypoinduced and
six are hyperinduced (Table 1; Fig. 3). Both hypoinduction
and hyperinduction phenotypes are completely different
from the mutant phenotypes observed in C. elegans and
reflect the difference in vulval patterning mechanisms
between the two species.
First, the hypoinduced iov-1(mf86) mutation completely
abolishes the 1j vulval fate and only reduces the occurrence
of the 2j fate. In C. elegans, partial reduction-of-function
mutations of components of the inductive pathway still
display 1j as well as 2j fates (Fig. 3; Ferguson and Horvitz,
1985; Sternberg and Horvitz, 1989).
The hyperinduced mutants in O. tipulae display a higher
level of 2j fates and a normal 1j fate for P6.p. The induced
P4.p and P8.p progeny join the main vulval invagination in
the L4 stage, which results in a Protruding Vulva phenotype
in the adult. By contrast, in C. elegans mutants with a higher
level of induction, the fate pattern is an alternation of 1j and
2j fates (Ferguson and Horvitz, 1985). P4.p and P8.p
usually adopt a 1j fate and form separate vulval invagina-
tions, which results in an adult Multivulva phenotype
(ventral bumps) (Fig. 3; Ferguson and Horvitz, 1989).
Moreover, in the hyperinduced iov mutants, the induction
still depends on the presence and signaling from the gonadal
anchor cell, whereas in the Multivulva mutants of C.
elegans, such as lin-15 or lin-1, vulval differentiation is
gonad-independent (Wang and Sternberg, 2001) (Fig. 3).
The only hyperinduced mutants that are gonad-dependent in
C. elegans are double mutants between silent single mutants
in negative regulators of the Ras pathway, such as ark-1, sli-
1, gap-1, or unc-101 (Hopper et al., 2000; Sternberg and
Han, 1998).
Another surprising feature of the Oscheius screen is the
unfrequent occurrence of vulval induction mutants, com-
pared to the other categories of mutants that affect different
steps of vulval development (Cov and Dov phenotypes). We
found only one hypoinduced mutant and no Multivulvamutant after screening about 50000 gametes and finding 37
cov or dov mutants (Dichtel et al., 2001; Louvet-Valle´e et
al., 2003). Most likely, the vulval induction pathway(s) is
harder to mutate, maybe because of pleiotropic effects of the
genes on lethality or sterility. Alternatively, the mechanisms
of vulval inductions in Oscheius may be tightly regulated.
Indeed, we observed a weak hyperinduction in iov-5(mf99)
animals but a good suppression of the iov-1(mf86) pheno-
type by this mutation. Thus, a relief of inhibition of vulval
induction by the iov-5 mutation may be buffered, suggesting
that the output of both vulval inductions is rather robust to
changes in regulators. It is also possible that individual
components of the inductive pathway or the entire pathway
be partially redundant, rendering it robust to mutations.
In summary, the vulval induction mutant phenotypes
strongly differ between O. tipulae CEW1 and C. elegans,
highlighting the evolution of vulval induction mechanisms
between the two species.
A genetic model of vulval inductions in O. tipulae CEW1
The Oscheius induction mutants were isolated using
either EMS or TMP-UV as mutagens. The mutations are
recessive and present various levels of penetrance, but we
cannot determine whether any of them is a complete loss-of-
function allele. The iov-3(mf78) mutation presents the
strongest phenotype among iov-3 alleles (and is a TMP-
UVallele) and probably corresponds to a strong hypomorph,
if not a null.
Among the hyperinduced iov mutants, the epistasis
experiments with iov-1 allow to further distinguish two
categories. iov-5 affects both inductive steps, since it sup-
presses the defect in the second induction of the iov-1
mutant. Thus, both vulval induction steps share at least
two gene products, suggesting that a same pathway is
recruited during both fate inductions (Fig. 4). How do the
Pn.p cells adopt different fates if the same signaling is
recruited for both inductive steps? First, the two inductions
act on different cell generations and the competence of the
Pn.p daughters is likely to differ from the competence of
their mother. Second, the later induction occurs at a time
when the anchor cell appears to closely contact the induced
cells, and could involve a much higher concentration of
signal or a transmembrane ligand (Fe´lix and Sternberg,
1997). This situation is illustrated by the fact that the 1j
fate is more sensitive than the 2j fate to mutation in the iov-
1 gene (and to the U0126 inhibitor). Third, the response to
the two inductions can be further specified by the recruit-
ment of different cofactors or effectors (an aspect of
competence).
By contrast with iov-5, the iov-2, iov-3, and iov-4
mutants do not suppress the second induction defect of
the iov-1 mutant, and from their phenotype, seem to only
affect the first vulval induction step. The corresponding
gene products may only act in the first induction. Alterna-
tively, whereas the iov-5 gene product seems to act down-
Fig. 4. Model of gene action during vulval inductions in O. tipulae CEW1.
We showed that both vulval induction steps of O. tipulae CEW1 share
common components. In both steps, iov-1 and the MEK kinase appear to
act as positive regulators and iov-5 as a negative regulator. By contrast, the
iov-2, iov-3, and iov-4 genes may act specifically in the first inductive step,
in parallel or in the same pathway as iov-1 and iov-5. The mutations that
affect the induction also influence Pn.p fusion in the L1 stage and divisions
in the L3 stage in mutant contexts. In the dov-1(sy543) context, the cell
divisions are probably influenced by components of the two steps of the
inductive pathway (see Tables 2 and 4). In the cov-1(mf53) mutant, the
competence of the cells (their absence of fusion to hyp7 in the L1 stage) is
more strongly influenced by components of the first induction step (see
Tables 3 and 4).
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iov-3, and iov-4 gene products may act upstream of it in the
same pathway. They could also be factors interacting with
the inductive pathway to specify the 2j fate. It is also
possible that the hyperinduced mutants do not show a
hyperinduction in the second step if this second induction
requires direct contact with the anchor cell, which cannot be
established with P4.p and P8.p because of physical distance.
A component of the Ras pathway acts in both inductive steps
in O. tipulae CEW1
The next obvious question concerns the molecular nature
of the pathways that are used in O. tipulae vulval induc-
tions. In order to address this question, we tried to use
reverse genetics on the components of the Ras pathway in
Oscheius. Classical methods of transgenesis (by injection or
bombardment) or of gene inactivation (RNAi) are so far
ineffective in Oscheius (M. Delattre, M.-L. D.-D., and M.-
A. F., unpublished data). However, injection of morpholinos
appears to have some effect in Oscheius (Louvet-Valle´e et
al., 2003). We had previously isolated the O. tipulae Ras
homologue (Fe´lix et al., 2000b). After injection of a
morpholino against the 5V end of Oscheius Ras into the
adult hermaphrodite syncytial germ line, many first-gener-
ation larvae died as rod-like L1s (data not shown), a
phenotype of loss-of-function in the Ras pathway in C.
elegans that corresponds to the loss of the excretory duct
cell (Yochem et al., 1997). We could not detect any vulvalphenotypes in the surviving animals, either because all
morpholino-loaded animals were killed at the L1 stage or
because vulval induction happens too late during develop-
ment, at a time when the morpholino is too diluted. In
addition, we isolated a MAP kinase MPK-1 homologue by
RT-PCR with degenerate primers (data not shown). The
injection of morpholinos against Oscheius MPK-1 gave a
few rod-like L1 larvae, but no vulval phenotypes either. In
conclusion, the Ras pathway also plays a role in the
formation of the excretory duct cell in Oscheius, but the
morpholinos are not a suitable tool to analyze later larval
developmental events.
Therefore, to determine whether the Ras pathway plays a
role during vulval induction in Oscheius, we used a bio-
chemical inhibitor of MEK kinase(s), which are downstream
effectors of Ras. We showed that one (or several) MEK
kinase(s) acts in both steps of vulval induction in Oscheius
(Table 4 and Fig. 2D). As with the iov-1 mutant, we can
infer the involvement of a MEK kinase in both vulval
induction steps because the first induction step is only
partially inhibited. This is the first evidence of the action
of a component of the Ras pathway in vulval induction in a
nematode species different from C. elegans and again
suggests that both Oscheius induction steps share common
molecular components. We did not obtain complete inhibi-
tion of vulval differentiation by U0126 in Oscheius: at 100
AM, the inhibition was less efficient than in C. elegans. The
efficiency of the U0126 inhibitor was enhanced when the
drug concentration was increased. As a general rule,
Oscheius appears less sensitive to chemicals than C. elegans
(maybe a consequence of some cuticle properties), since the
EMS concentration needs also be higher in Oscheius to get a
comparable mutagenic effect (Fe´lix et al., 2000b). An
alternative explanation is that another redundant pathway
can partially replace the MEK kinase in Oscheius.
Coupling and uncoupling between fate induction and
division number
We showed that in the dov-1 context, the divisions of the
VPCs are partially under control of the induction signal as
defined by anchor cell ablation, the iov mutants and the
U0126 inhibitor (Tables 2 and 4). In C. elegans, although
the vulval induction mutants present lineage defects (hence
the name ‘‘lin’’ that some of them bear), the change in Pn.p
division pattern is fully explained by a change in the fate–
induction of the Pn.p precursor cell, for example, from 1j to
3j. In O. tipulae, although controlled by the same inductive
pathway, vulval fate and number of divisions can be
partially uncoupled in the many dov mutants that we
isolated (Dichtel et al., 2001), as well as in wild strains
(Delattre and Fe´lix, 2001). We propose that in O. tipulae,
the anchor cell regulates several aspects of Pn.p develop-
ment, whereas in C. elegans, coupling of fate and division
pattern restricts its apparent function to fate induction. This
result is the first implication of a component of the Ras
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(Yochem et al., 1997).
The induction pathway influences Pn.p competence in the
cov-1 mutant
The induction pathway defined by gonad ablation and
iov-2 mutants seems to act early enough to prevent fusion of
the central Pn.p cells in the L1 stage in the cov-1 mutant,
thereby affecting the number of cells that can later be
induced to a vulval fate (Tables 3 and 4).
The reduction in the level of induction by either U0126
or iov-1 leads to an increased inability of the VPCs to adopt
the induced fate but does not decrease the number of
unfused cells in the L1 stage. The differences in the
influence of the different components of the inductive
pathway can be correlated with the steps that they influence.
Indeed, the iov-2 mutation only influences the first vulval
induction step, whereas the iov-1 mutation and the U0126
inhibitor show a stronger effect on the second step.
In C. elegans, LIN-39 prevents the VPCs from fusing.
After the L1 stage, its expression is positively regulated by
components of a Wnt pathway such as BAR-1 (the h-
catenin homologue) and by the Ras pathway. In a bar-1;
let-23 mutant, the number of cells that fuse is higher than in
the single bar-1 mutant (Eisenmann et al., 1998). Thus, the
ability of the inductive pathway to regulate the fusion of the
Pn.p cells has been conserved between O. tipulae and C.
elegans. Moreover, in a lin-39 mutant, when LIN-39 is
artificially expressed in the L1 stage only, the unfused Pn.p
cells divide but do not adopt an induced fate in the L3–L4
stages (Maloof and Kenyon, 1998), a phenotype resembling
that of cov-1; iov-1 double mutants. Thus, in C. elegans, the
competence and induction pathways also have common
components such as lin-39. As a counterpart, the Ras
pathway also influences fusion and fate adoption of the
VPCs. In Oscheius, the situation is similar. However, since
the induction proceeds in two successive steps, it seems that
the first step influences more the competence than the
second step. From these results, it is clear that in both
species, some molecular components can be shared between
the successive steps of vulval development that we have
used to distinguish the Cov, Iov, and Dov phenotypic
classes.
The evolution of the vulval patterning mechanism
We initiated a detailed study of O. tipulae CEW1 vulva
development because its mechanism of vulval induction in
two steps is different from that of C. elegans. Our genetic
study shows that common gene products are recruited in the
two steps of vulval induction in Oscheius. Moreover, the
MEK kinase appears to act in both steps, suggesting that the
involvement of the Ras pathway could be conserved be-
tween O. tipulae and C. elegans. Anchor cell ablation
studies in yet other species of the Rhabditidae family (A.Barrie`re and M.-A. Fe´lix, unpublished data) suggest that the
two-step mechanism occurs in many species and could be
ancestral. Lateral signaling between P6.p and its neighbors
has been demonstrated in C. elegans by phenotypic analysis
of vulva mutants (Sternberg, 1988), but we could not detect
any such mechanism in Oscheius with the vulva patterning
mutants.
An evolutionary scenario could be the transformation of
the two-step mechanism in a one-step graded induction by a
reduction in the timing range of the induction. Lateral
signaling could have been recruited to ensure a more robust
induction mechanism in C. elegans (Kenyon, 1995). Inter-
estingly, later in C. elegans vulva development, the anchor
cell induces through the Ras pathway the two inner grand-
daughters of P6.p to adopt the vulF fate (Wang and Stern-
berg, 2000). This late induction with the same inductive
pathway could possibly derive from an ancestral two-step
mechanism. Thus, the example of Oscheius could be of
great importance to understand how the vulval patterning
mechanisms have evolved within the Rhabditidae family.
A further line of investigation could be to test the role of
other components of the Ras pathway and also of the Notch
pathway and other developmental pathways (Wnt) that are
known to play a role in vulval patterning in C. elegans.
Moreover, the effect of U0126 could be tested in other
nematode species to determine whether the recruitment of
the MEK kinase is ancestral, and whether it also acts in
species in which inductive signaling from the gonad is not
required for vulval patterning (Fe´lix et al., 2000a; Sommer
and Sternberg, 1994).Acknowledgments
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